Generation of wear debris and wear particle-induced osteolysis are the main limitations of metal-on-polyethylene artificial joints. Cross-linked polyethylene has been recently used, particularly in hip replacements, as an alternative material to conventional ultrahigh molecular weight polyethylene due to its superior wear resistance. This study focused on the wear behaviour of cross-linked polyethylene under different contact stresses in order to make interpretations of its long-term in-vivo performance. A 50-station SuperCTPOD (pin-on-disc) machine was used to investigate the influence of contact stress on the wear of cross-linked polyethylene pins which were articulated against cobalt chromium discs. It was found that the wear rate of cross-linked polyethylene was lower at higher contact stresses.
Introduction
Total hip replacement (THR) is the most successful surgical procedure that is used to treat diseases such as osteoarthritis. 1, 2 Approximately 1 million patients have hip replacements every year and this number is likely to rise due to an increase in demand from relatively younger patients. [3] [4] [5] [6] The most commonly used bearing combination in artificial hips is metal-on-polyethylene (MoP). A typical artificial hip's main components include an ultrahigh molecular weight polyethylene (UHMWPE) acetabular liner or cup, and a cobalt chromium (CoCr) metallic femoral head. Clinical studies show that MoP hips are quite successful in the short and medium terms. [7] [8] [9] [10] [11] However, in the long term, wear of the polyethylene component can result in wear particle-induced osteolysis and, secondary to osteolysis, aseptic loosening may also occur. 12 Greater wear is therefore linked with reduced longevity of the artificial hip. 3, 9, 10, [13] [14] [15] Since wear of the UHMWPE cup/liner is the main reason for the failure and revision of MoP hips, 6 the need for more wear-resistant materials has arisen. Cross-linked polyethylene (XLPE) is one of the alternatives that has been used in hip arthroplasty for the past 10-20 years and clinical studies show that cross-linking has improved the wear resistance of the material and XLPE has a superior wear resistance compared to UHMWPE. 3, 8, [16] [17] [18] [19] [20] [21] The superior wear performance of XLPE over UHMWPE has also been observed in laboratory studies. 4 While this is reassuring for an application as important as in the human body, it is imperative to ensure that all appropriate testing has been undertaken. One area that does not appear to have been considered is the wear behaviour of XLPE under varying contact stresses. Consequently, the motivation of this study was to undertake the first, to the authors' best knowledge, tribological study of the wear of XLPE under different contact stresses relevant to those in a THR.
According to some clinical studies, the average contact stresses that act on the natural hip can range from 0.1 to 5.6 MPa, with a maximum peak contact stress of 10 MPa. 22 In addition to this, using a finite element study, Henak at al. 23 found an average contact stress of 5.32 6 2.32 MPa acting on the hip joint. Thus, the components that make up artificial hips need to withstand these stresses, especially the polymeric acetabular cup/ liner in order to minimise the incidence of osteolysis and aseptic loosening. Some in-vitro wear studies of UHMWPE showed that, as the contact stress increased, the wear volume decreased. 8, [24] [25] [26] [27] These studies are summarised in Table 1 .
Barbour et al. 8 investigated the effect of contact stress on the wear of UHMWPE test pins with contact stresses ranging from 3.4 to 28.3 MPa. It was found that the wear factor tended to decrease with increasing contact stress. However, pins were formed with truncated cones as the wear faces, meaning that the contact area might increase as wear occurs. In addition, the wear test machine applied reciprocation-only motion which has been shown to be inappropriate for wear testing orthopaedic biopolymers. 28 This likely explains the low-wear factors compared with other studies which investigated the influence of contact stress. Wang et al. 27 investigated the effect of contact stress on wear of UHMWPE using a hip simulator. They showed that, for a given load, wear factor decreased with increasing contact stress. Vassiliou and Unsworth 24 applied multidirectional motion to their UHMWPE test pins. To obtain higher contact stresses, pins were drilled out to form an annulus. Again, the wear was found to decrease with increasing contact stress. Saikko 26 used a 100-station pin-on-disc machine applying multidirectional motion and found that wear factor values decreased with increasing contact stress. A contact stress range of 0.1-20 MPa was tested. A critical contact stress of 2.53 MPa was found, in that the wear behaviour was found to be different below and above this value; so that two equations were used to characterise the contact stress and wear factor relation (see Table 1 ). Most recently, Saikko 25 tested 16 UHMWPE pins that were articulated against CoCr discs under contact stresses of 0.65, 1.16, 2.31 and 5.85 MPa. Again, wear factor was found to decrease with increasing contact stress.
In the light of these findings for UHMWPE, this study aimed to determine whether this same result of wear decreases with increasing stress, applied to XLPE. Equation (1) was used to calculate the wear factor (k, mm
where V is the volume loss (mm 3 ), L is the load applied (N) and D is the total sliding distance (m) of the pins. As shown in equation (1), wear factor depends on the applied load and the sliding distance. Wear should therefore be independent of contact stress.
Materials and methods
A 50-station circularly translating pin-on-disc machine (SuperCTPOD), designed by Saikko, 29 was used to investigate the effect of contact stress on the wear of XLPE. The multi-station SuperCTPOD enables simultaneous testing of pins with different characteristics under the same testing conditions. It consists of five main modules, namely, the loading module, pin carrier module, the motion module, the test bath and the control panel (Figure 1 ).
Fifty individual pneumatic cylinders within the loading module apply an equal static load to each of the 50 test pins, with the air pressure supplied from a compressor. The loading module mounts on top of the pin carrier module. The pin carrier module carries the test pins, each held in a polyacetal sleeve. The motion module is a platform that is actuated by a double scotch yoke mechanism driven by an AC-geared motor. Above the motion module is the test bath, which is mounted on an x-y slide assembly. The frequency and the wear track path of the pins can be adjusted to achieve the desired motion. The orthogonal axis can be set to either reciprocating motion, elliptical orbital motion or circular orbital motion.
The test bath provides the location for the test pindisc assemblies. The test load, circulating fluid temperature and flow rate, number of cycles and orbiting frequency are all controlled from the control panel. O- 25 study, the effect of contact area on the wear of UHMWPE was investigated and the relation between the contact area and the wear factor was provided in terms of contact area. For consistency, the contact area term has been changed to Load N ð Þ Contact stress MPa ð Þ in Table 1 . ) rings are fitted to the discs, and the PVC tubes are pressed on the discs to form the disc assemblies (see Figure 2 ). During testing, the assemblies were all fitted in the test bath module. Every pin was articulated against the same, corresponding disc throughout the experiment. The temperature inside the test bath was measured with a thermocouple. The lubricant temperature was maintained approximately at 22°C. The test rig ran at a frequency of 1 Hz. During the test, the major axis was set to an amplitude of 6 mm and the minor axis (the orthogonal axis) was set to an amplitude of 5 mm to achieve an elliptical wear track path of 12 310 mm 2 . This wear path resulted in 34.62 mm sliding distance per cycle. Harsha and Joyce 4 used the same elliptical wear track and corresponding sliding distance per cycle to test UHMWPE and XLPE test pins so that their results were available to compare with the results of this study.
The base XLPE material, from which pins were machined, was purchased from Orthoplastics (Bacup, UK) and the material properties provided by the supplier are summarised in Table 2 .
Wear data calculated for the same contact stresses (range:1.46-6.11 MPa) for UHMWPE 24, 25 were used to conduct a statistical analysis to give sample size estimation. 30 The number of pins required for this study was estimated using equation (2) Standardised difference = Difference between the means Population standard deviation ð2Þ These resulted in the need for a sample size of 9 for a power level of 0.80. As the SuperCTPOD has a capability of testing 50 pins, a sample size of 10 was chosen, as this met the power size calculation and gave a spare pin in case of an unforeseen issue with a test pin. The pins tested were 9 mm in outer diameter and 12 mm in height and they were divided into 5 groups.
Apart from group 1, the pins from each group were drilled with different diameter holes to have different contact areas and consequently different contact stresses ( Figure 3) .
The inner and outer diameter values of the pins before starting the experiment and the corresponding contact areas and contact stresses are provided in Table 3 . A load of 70.7 N was applied to the pins. Each test pin articulated against CoCr discs, which were all of diameter of 28 mm, thickness of 10 mm and polished to less than 0.050 mm Ra.
The contact stresses given in Table 3 are clinically relevant based on the data in the literature for the contact stresses that act on the natural human hip. 22 The contact stresses that were tested in this study ranged from 1.11 to 5.30 MPa. Group 1 pins were tested at a contact stress of 1.11 MPa which was the contact stress used by other studies. [3] [4] [5] [6] According to the in-vitro studies conducted by Saikko, 25, 26 the contact stresses should not exceed 2 MPa for a pin-on-disc test because above this value, the UHMWPE wear data are inconsistent with clinical data. However, a higher contact stress (group 5: 5.30 MPa) was selected to allow a fuller investigation, to match the value suggested by Henak et al. 23 and allow comparison with other studies. 25, 26 The pin carrier module with the pins and the test bath holding the disc assemblies filled with lubricant are shown in Figure 4 .
Newborn calf serum (Thermo Fisher Scientific, USA) was used as the basis of the lubricant, which was diluted with distilled water in a ratio of 1:2 to result in a protein content of 22 g/L. In a study conducted by Saikko, 31 it was found that the lubricant protein concentration should not be lower than 20 g/L as this led to non-typical clinical results. The optimum lubricant protein concentration was found to be 22 g/L for the wear testing of artificial joints 31 and this ratio was used in other in-vitro tests 4, 29 as well. Before starting the experiment, all the pins and discs were cleaned and weighed, numbered and their surface roughness values (Ra) were measured. The experiment was stopped every 500,000 cycles to replace the lubricant. The weight loss and the surface roughness measurements for pins and discs were performed every time the experiment was stopped. In total, six measurements were done for both weight loss and surface roughness. The weight measurements were undertaken using a Denver TB-215D balance which has a precision of 10 mg. The surface roughness measurements of the discs and the pins were done with a ZYGO New View 5000 non-contacting profilometer which has a sensitivity of 0.001 mm Ra. 32 When the test was stopped at regular intervals, the pins, the discs and other equipments used in the experiment were all placed in containers containing diluted disinfectant (Virkon). After 5 min, every component was rinsed under tap water and allowed to dry in air for 5 min. The pins and disc were washed with Isopropanol alcohol, the weight and surface roughness measurements were done, and if needed, components were renumbered prior to a new cycle of testing because Isopropanol alcohol may erase the number written on the pins and the discs. In every pin group, an additional pin was used as a control pin to track any change in weight due to lubricant uptake. The test ran for 2.5 million cycles (corresponding to approximately 87 km sliding distance).
Results
After 2.5 million cycles, the mean wear rates of the test pin groups were calculated as 1.05, 0.90, 0.77, 0.47 and 0.28 mg/million cycles for contact pressures of 1.11, 1.38, 1.61, 2.00 and 5.30 MPa, respectively. The results are summarised in Table 4 along with corresponding wear factors.
Control pin values were taken into account when calculating the true weight change of the test pins and thus the true volume loss. At the end of the experiment, the mean weight changes from the control pins were found to be 0.15, 0.18, 0.15, 0.16 and 0.10 mg, respectively.
Volume loss of the XLPE pins decreased as the contact stress increased ( Figure 5 ) and can be represented with a quadratic polynomial function, V = 0.37 3 s 2 -2.88 3 s + 5.62. Wear factors of the pins at the end of the experiment were calculated using equation (1) and the relation between wear factor and contact stress was found to be a power function
The total weight loss of the pin groups after 2.5 million cycles is given in Figure 6 . The weight loss from each group at the end of the experiment was found to be 2.62 6 0.89, 2. values of all the test pins changed significantly throughout the experiment. The surface roughness values of the discs before and after the test showed a significant difference (p = 0.006); however, after the bedding-in phase (the first 500,000 cycles), this difference became insignificant (Figure 8 ) (p = 0.99).
Discussion
This is the first time that the influence of contact stress on wear of XLPE has been reported in a high capacity study. The SuperCTPOD allowed wear testing of 50 pins under 5 different contact stresses. The results of the study showed that wear of XLPE decreased with increasing contact stress.
Apart from the area of contact, every experimental condition was kept constant. The wear rates of the XLPE pins were found to be similar to previous studies. 4, 20 Group 1 (1.11 MPa, 10 XLPE test pins) was tested under the same experimental conditions as Harsha and Joyce's 4 study (24 XLPE pins were tested). The wear rate of group 1 (1.11 MPa) was calculated to be 1.1 6 0.4 mg/million cycles and Harsha and Joyce 4 calculated a wear rate of 1.5 6 0.6 mg/million cycles.
Unlike other studies that utilised UHMWPE pins for wear analysis, 4, 25, 26 the changes in the weight of the control pins were found to be significant for group 4 (2.00 MPa) and group 5 (5.30 MPa) (p-value = 0.00 for both of the groups) of this study. For other groups, the control pins did not show a significant influence.
In our study, we chose to create different contact stresses using an annulus. The alternative would have been pins with a reduced outer diameter. We chose the former over the latter as we felt it resulted in a more rigid wear face and it seemed a more straightforward and consistent method of manufacture.
Effect of contact stress on wear of XLPE
At the end of the experiment, a decreasing trend of the volume loss for an increasing contact stress was found for the test pins. Group 1 (1.11 MPa) had the smallest contact stress and the highest mean volume loss (2.81 mm 3 ), while group 5 (5.30 MPa) had the highest contact stress and the smallest mean volume loss (0.75 mm 3 ) ( Figure 5 ). It has been suggested that a reason for this phenomenon is because more asperities are in contact in surfaces with larger contact areas. For a given material, even at low loads, the larger contact areas result in higher wear rates. 33 Some in-vitro studies described the wear behaviour of UHMWPE by giving the relation between wear factor and contact stress. 8, [24] [25] [26] For comparison, the wear factors for each XLPE group (contact stresses ranging from 1.11 to 5.30 MPa), given in Table 4 , are represented with a power function, k = 0:40310 À6 3s À0:88 . This function (see Figure 9 ) was found to be similar to the relationships found by Vassiliou and Unsworth 24 and Saikko, 25, 26 given in Table 1 .
Effect of contact stress on the wear of UHMWPE compared to XLPE
In-vitro studies conducted by Saikko, 25, 26 Vassiliou and Unsworth, 24 Barbour et al. 8 and Wang et al. 27 showed that at higher contact stresses, the wear of UHMWPE was lower compared to lower contact stresses. In this study, it was shown that wear from the XLPE pins was also lower at higher contact stresses. As shown in Figure 9 , the wear behaviour of all the pins was found to be similar to that reported by Vassiliou and Unsworth. 24 The change in wear factor was linear for contact stresses ranging from 1.11 to 1.61 MPa, and in between 1.61 and 2.00 MPa, a gradual decrease was observed in both of the studies. However, a steeper decline was observed in wear factor as the contact stress varied from 2.00 to 5.30 MPa for UHMWPE, than for XLPE.
The wear equation
According to equation (1), the wear factor changes when the applied load and/or the sliding distance changes. However, that equation does not provide any information about the effect of contact stress on the wear factor. Based on this study's findings, the contact stress influenced the wear behaviour of the XLPE pins. Hence, equation (1) alone is not enough to explain the wear behaviour of polyethylene. The contact pressure acting on the material should also be considered when considering wear.
Surface roughness of the XLPE test pins and discs
As in similar studies, the test pin surface roughness values (Ra) decreased significantly with respect to their initial values. 4, 25 In Harsha and Joyce's 4 study, the surface roughness of the unworn XLPE test pins were 0.79 mm and it reduced to 0.076 6 0.028 mm Ra at the end of the experiment. Saikko 25 also mentioned that after the test, the contact surface of the test pins was significantly burnished. Nevertheless, as demonstrated in Figure 7 , in this study, the amount of decrease was not the same among the five XLPE groups. The group of pins having the highest contact stress (group 5 = 5.30 MPa) had the roughest surfaces at the end of testing and the pins from the group having the lowest contact stress (group 1 = 1.11 MPa) had the smoothest surfaces. The difference between the measured surface roughness values for the other groups was in between and the final surface roughness values showed an increasing trend with respect to an increase in contact stress. The relatively higher surface roughness values of group 5 (5.30 MPa) pins can be attributed to the changes in the surface topography of the pins, that is, protuberance formation. In Saikko's 25 study, protuberances were also observed on the pin surfaces at contact stresses higher than 2.00 MPa. As they were not observed in-vivo therefore, were considered to be clinically invalid. 25 There was an increase in the surface roughness values of the discs after the first 500,000 cycles (runningin) from 0.013 to 0.021 mm Ra (Figure 8 ). However, after the running in period, there was no significant change in the surface roughness values (p = 0.006). The initial surface roughness values of the CoCr discs were in the range of 0.008-0.015 mm Ra (average = 0.013 mm) and the final surface roughness values of the discs were in the range of 0.009-0.036 mm Ra (average = 0.021 mm). In Vassiliou and Unsworth's 24 study, the initial surface roughness values measured for their stainless steel plates were in the range of 0.005-0.013 mm Ra and the final surface roughness was in the range of 0.008-0.090 mm Ra.
The surface roughness values of the discs did not show a significant difference as the contact stress changed. A p-value of 0.4 was calculated when the discs used for each group was compared at the end of the experiment, which is higher than the significance level.
This study has some limitations. First, wear debris from the test pins was not analysed. However, the main aim of this study was to observe the influence of contact stress on the wear of XLPE. Wear debris analysis will be the topic of future study. Second, the maximum contact stress investigated was 5.30 MPa, even though the peak contact stresses can be higher in the natural hip joint. However, we were guided by previous work which suggested that non-clinically relevant findings were observed above 2 MPa. 26 Indeed, as shown in Figure 5 , we too found that a similar situation applied. We would also note that we have undertaken wear tests at contact stresses relevant to the hip, these stresses are different to those in joint such as the knee and this may be a useful area for future research; although hopefully our results offer a useful starting point.
Conclusion
This study is the first to investigate the effect of contact stress on the wear behaviour of XLPE. Five groups of XLPE pins having different contact areas were tested under identical conditions at clinically relevant contact stresses. The results showed that the wear factor of the XLPE pins decreased with increasing contact stress. This finding was consistent with the studies on UHMWPE in the literature.
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